Gefitinib, an epidermal growth factor receptor-tyrosine kinase inhibitor (EGFR-TKI), has been widely applied in non-small cell lung cancer (NSCLC) therapy \[[@CIT0001]\]. However, the emergence of drug resistance is a major obstacle to the further application of gefitinib.

There are numerous reports on preclinical studies of interferon (IFN) and its positive synergistic effect when combined with anti-EGFR agents in various tumours, such as renal cell carcinoma \[[@CIT0002]\], hepatocellular carcinoma \[[@CIT0003]\], and bladder carcinoma \[[@CIT0004]\]. In addition, many studies have verified the positive combined effect of IFN and EGFR-TKI in human colon cancer cells \[[@CIT0005], [@CIT0006]\] and head and neck cancer cells \[[@CIT0007]\]; it is hypothesised that IFN can activate EGFR signalling by upregulating EGFR \[[@CIT0008]\]. As EGFR-TKI has been applied primarily in advanced NSCLC, our experiment was designed to explore the combinational or sequential role of IFN-α and gefitinib in NSCLC cells possessing different genotypes, and to determine whether the synergistic effect of this combination therapy can occur in NSCLC. Disappointingly, it was observed that IFN-α reduced gefitinib sensitivity, particularly in NSCLC cells with EGFR-TKI-sensitive mutations.

Materials and methods {#S0001}
=====================

Chemicals {#S20002}
---------

Interferon-α (Alfaron, recombinant IFN-α2b; Hualida Biotechnology Co., Tianjin, China) had a specific activity of 3 × 10^6^ units/ml and \> 99% purity. The selective EGFR-TKI gefitinib (GD760, Iressa), kindly provided by AstraZeneca (Macclesfield, Cheshire, UK), was dissolved in DMSO to a working concentration of 20 mM. Both drugs were stored at --20°C in tightly sealed sterile tubes and diluted to the desired concentration in culture medium (RPMI 1640; Gibco, Grand Island, NY, USA) before being added to the cells.

Cell lines {#S20003}
----------

Four human NSCLC cell lines were used: A549, H1299, and HCC827 (Cell Bank of Chinese Academy of Sciences, Shanghai, China), which have different *EGFR* and *K-Ras* gene statuses (exons 18--21 of the *EGFR* gene and exons 2--3 of the *K-Ras* gene were sequenced, A549 cell line harbours mutation (G12S) of *K-Ras*, HCC827 cell line carries *EGFR* 19Del, and the *EGFR* and *K-Ras* of H1299 cell line are all wild type, data not shown). The cell lines were grown in RPMI 1640 (Gibco) supplemented with 10% foetal bovine serum and maintained at 37°C in a humidified atmosphere containing 5% CO~2~ and 95% air.

Treatment regimens {#S20004}
------------------

Four different experimental regimens were investigated to evaluate the impact of IFN-α pretreatment on the antiproliferative effect of gefitinib:I, 72-hour incubation with gefitinib or IFN-α alone;II, 72-hour incubation with gefitinib (at the indicated concentrations in [Figure 2](#F0002){ref-type="fig"}) + 10^4^ IU/ml IFN-α (at the concentration of 10^4^ IU/ml, IFN-α inhibits the proliferation of these lung cancer cells obviously);III, 72-hour pretreatment with 10^4^ IU/ml IFN-α, following which the IFN-α was removed by washing twice with phosphate-buffered saline (PBS), followed by 72-hour incubation with gefitinib + 10^4^ IU/ml IFN-α;IV, 72-hour pretreatment with 10^4^ IU/ml IFN-α, following which the IFN-α was removed by washing twice with PBS, followed by 72-hour incubation with gefitinib.

Control cells were processed in the same manner but with drug-free medium (placebo) instead of gefitinib.

Cell proliferation assay {#S20005}
------------------------

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)-tetrazolium dye assay was used to evaluate cell viability. 100 µl exponential growth--phase cells (about 3500 cells in total) were seeded into 96-well plastic plates, incubated overnight, and added 100 µl serial dilutions of gefitinib, IFN-α, or gefitinib + IFN-α into each well. After 72-hour incubation at 37°C, 20 µl 5 mg/ml MTT solution was added into each well and the cells were incubated for four hours. The media were removed and 150 µl DMSO was added into each well to dissolve the MTT completely, and the absorbance values were read at 570 nm using a microplate reader (Model 680; Bio-Rad, Hercules, CA, USA). At least three replicate wells were used for each drug concentration, and the experiment was carried out independently at least three times. Cell proliferation is expressed as the percentage of drug-treated surviving cells versus control cells (in which viability was considered 100%).

Flow cytometry {#S20006}
--------------

Apoptosis was detected using Annexin V/propidium iodide (PI) double staining. Cells were incubated for 72 hours in drug-free medium (control), 10^4^ IU/ml IFN-α, gefitinib alone, or gefitinib after 10^4^ IU/ml IFN-α pretreatment. According to the IC50 of gefitinib in these three cell lines, the concentration of gefitinib for Hcc827 cell was 20 nM, and for other two cell lines it was 10 µM. The cells were harvested by trypsinisation, washed twice with PBS, incubated in 500 µl binding buffer and 10 µl Annexin V--FITC at room temperature for 30 minutes, and then 5 µl PI was added and incubated for five minutes. The cells were analysed using flow cytometry (BD FACSCanto II, BD Biosciences, San Jose, CA, USA), and the data were analysed with CellQuest software (Becton Dickinson, Franklin Lakes, NJ, USA). The experiments were performed independently three times.

Western blot {#S20007}
------------

H1299 and HCC827 cells were treated with IFN-α (10^4^ IU/ml) or gefitinib (20 nM) alone or in combination for 48 hours, washed with cooled PBS three times, and then lysed in 50--100 µl mammalian protein extraction reagent containing a protease inhibitor cocktail for 30 minutes. The lysates were centrifuged at 12,000 g at 4°C for 10 minutes. The lysates were normalised for total protein content using a bicinchoninic acid assay, and 60 µg protein samples were loaded on SDS-PAGE gels and transferred to PVDF membranes. The membranes were probed with rabbit monoclonal antibodies against phosphorylated (p)-EGFR, EGFR, p-STAT3 (signal transducers and activators of transcription 3), STAT3, and β-actin (Santa Cruz, Dallas, TX, USA) at 4°C overnight. After washing three times in TBS-T (Tris hydrochloride buffer containing 0.1% Tween-20), the membranes were incubated with the goat polyclonal secondary antibody to rabbit for two hours at room temperature. The membranes were washed with TBS-T three times for 10 minutes and exposed to X-ray film for 5--10 minutes. The relative expression of protein was determined from the optical density ratio of the corresponding protein bands using BandScan 5.0 software (Glyko Inc., Upper Heyford, UK).

Data analysis {#S20008}
-------------

The combination indexes (CIs) were calculated as previously described \[[@CIT0009]\] with minor modifications: CIs = %AB / (%A ×%B), where %A and %B are the effect of the individual drug and %AB is the effect of the combination. CIs \< 1, = 1, and \> 1 indicates synergism, additive effect, and antagonism, respectively.

Statistical analysis {#S20009}
--------------------

All data are expressed as the mean ± standard error (SE) of at least three experiments. A two-tailed, independent Student\'s *t-*test was used to determine the differences between the pretreatment and control groups. F test was used for assessment of distribution for analysed parameters. Differences at *p* \< 0.05 for the Student *t*-test were considered statistically significant. The statistical analysis was performed using IBM SPSS software (ver. 19, SPSS Inc., Chicago, IL, USA). Graphs were generated using GraphPad Prism software (ver. 5, GraphPad Software Inc., La Jolla, CA, USA).

Results {#S0010}
=======

Evaluation of the antiproliferative effect of gefitinib and IFN-α in NSCLC cell lines {#S20011}
-------------------------------------------------------------------------------------

First, the effects of gefitinib or IFN-α on the growth of the A549, H1299, and HCC827 cells were evaluated. Dose-dependent growth inhibition was observed in all cell lines following 72-hour incubation with IFN-α ([Fig. 1](#F0001){ref-type="fig"}) or gefitinib ([Fig. 2](#F0002){ref-type="fig"}) alone. Moreover, the sensitivity to the anti-proliferative effect of IFN-α did not appear to be associated with the *EGFR* and *K-Ras* gene statuses. It is known that gefitinib sensitivity is associated with *EGFR* mutation status \[[@CIT0010]--[@CIT0013]\]. Cell survival of the HCC827 cell line, containing the exon 19 deletion, was inhibited by up to 70% by 3.125 nM gefitinib, a concentration that was cytotoxic ([Fig. 2](#F0002){ref-type="fig"}), while the other two cell lines were all resistant to gefitinib.

![Evaluation of the antiproliferative effect of IFN-α in NSCLC cell lines. Cell growth is expressed as the percentage of control for each concentration point. Points, mean of quadruplicates; bars, SE. \*, *p* \< 0.05](WO-20-28193-g001){#F0001}

![Additive/antagonistic antiproliferative effect of IFN-α/gefitinib combination on human NSCLC cell lines. A) Cell survival was determined by MTT assay. B) The CIs defining the growth inhibitory effects of the combination treatment of gefitinib and IFN-α. Combinations were antagonistic when CIs \> 1.0, and additive when CIs = 0.9--1.0. Points, mean of three individual treatments. MT, mutation type](WO-20-28193-g002){#F0002}

Next, the antiproliferative effect of IFN-α alone in the cell lines was evaluated. Cell survivals were similar among three cell lines (A549: 71.8%, H1299: 67.9%, and HCC827: 63.2%).

Additive/antagonistic antiproliferative effect of IFN-α/gefitinib combination {#S20012}
-----------------------------------------------------------------------------

We investigated whether a synergistic effect on NSCLC cells could be obtained by combining gefitinib with IFN-α. However, it was found that when gefitinib was administered with IFN-α, it resulted in an additive interaction in all four cell lines, as shown by the CI values (CI = 1; [Fig. 2](#F0002){ref-type="fig"}). The mean CI values of gefitinib + IFN-α for each cell line are listed in [Table 1](#T0001){ref-type="table"} (Gefitinib + IFN-α); all of the CI values were approximately 1.

###### 

Combination indexes for gefitinib and IFN-/combination

  Cell line   Combination Indexes                                                    
  ----------- --------------------- ------------------------------------------------ -------------
  A549        1.040 ±0.031          1.205 ±0.032[\*](#TF0001){ref-type="table-fn"}   *p* = 0.002
  H1299       1.080 ±0.043          1.332 ±0.058[\*](#TF0001){ref-type="table-fn"}   *p* = 0.002
  Hcc827      1.078 ±0.063          1.828 ±0.173[\*](#TF0001){ref-type="table-fn"}   *p* = 0.001

Each value represents the mean ± SE of all combination index (CIs) values for each cell line. The p-values were analysed by a two-tailed Student\'s t-test.

p \< 0.05, statistically significant; NS, p \> 0.05, statistically not significant.

CI value: \< 0.9 -- synergism, 0.9--1.0 -- additivity, \> 1 -- antagonism.

Nevertheless, when the cells were pretreated with 10^4^ IU/ml IFN-α before administering gefitinib and IFN-α, there were antagonistic interactions between gefitinib and IFN-α in three cell lines. IFN-α pretreatment induced an antagonistic effect between gefitinib and IFN-α ([Fig. 2](#F0002){ref-type="fig"}), as demonstrated by the higher mean CI values of the gefitinib + IFN-α combination after IFN-α pretreatment ([Table 1](#T0001){ref-type="table"}, CIs~gefitinib\ +\ IFN-α~ vs. CIs~IFN-α→gefitinib\ +\ IFN-α~, *p* \< 0.005). In these cell lines, the cell survival rate according to each concentration of gefitinib increased after the IFN-α pretreatment ([Table 1](#T0001){ref-type="table"}, [Fig. 2](#F0002){ref-type="fig"}).

IFN-α can reduce gefitinib antiproliferation {#S20013}
--------------------------------------------

To gain insight into whether IFN-α could influence gefitinib sensitivity, cell survival was evaluated after gefitinib treatment following IFN-α pretreatment. After the pretreatment, cell survival rates were significantly increased in the A549 and H1299 cell lines as the gefitinib concentration increased; a significant reduction was observed at each gefitinib concentration in the HCC827 cell line ([Fig. 3A](#F0003){ref-type="fig"}, cell survival rate ~IFN-α→gefitinib~ vs. cell survival rate ~placebo→gefitinib~, *p* \< 0.05).

![IFN-α decreased antiproliferation of gefitinib. A) The antagonistic effect of IFN-α pretreatment on the antiproliferative effect of gefitinib on human NSCLC cell lines was evaluated by MTT assay. B) Apoptosis in the cell lines was analysed by flow cytometry for Annexin V/ PI staining. The results (top and bottom right panels) are expressed as the percentage of the apoptotic cells. Data are reported as the mean ± SE of three determinations, *p* \< 0.05 for gefitinib vs. IFN-α→gefitinib](WO-20-28193-g003){#F0003}

To determine whether IFN-α could inhibit gefitinib-induced apoptosis, the outcome of the Annexin V/PI detection demonstrated that there was a decrease in gefitinib-induced apoptosis after the IFN-α pretreatment ([Fig. 3B](#F0003){ref-type="fig"}, *p* \< 0.05).

IFN-α and gefitinib inhibit STAT3 activation {#S20014}
--------------------------------------------

Previously, many studies reported that IFN-α could activate EGFR signalling by upregulating EGFR expression \[[@CIT0007], [@CIT0008]\]. We investigated whether IFN-α could induce EGFR signalling activation in NSCLC cells. Two cell lines were examined: H1299 and HCC827, where IFN-α pretreatment inhibited the effect of gefitinib significantly. IFN-α could not activate EGFR phosphorylation but could inhibit STAT3 phosphorylation in both cell lines ([Fig. 4](#F0004){ref-type="fig"}). Gefitinib inhibited EGFR activation in both cell lines and inhibited STAT3 activation in both cell lines ([Fig. 4B](#F0004){ref-type="fig"}).

![IFN-α and gefitinib inhibit STAT3 activation. A) p-EGFR/EGFR and p-STAT3/STAT3 were analysed by western blot. The whole protein from H1299 and HCC827 cells treated for 48 hours with IFN-α (10^4^ IU/ml) and gefitinib (10 nM) alone with IFN-α was extracted. B) The expression levels were analysed by the ratio of optical density with β-actin. STAT3 activation was inhibited by IFN-α and gefitinib in both cell lines, *p* \< 0.05](WO-20-28193-g004){#F0004}

Discussion {#S0015}
==========

The present findings are not consistent with those of previous studies, which showed that IFN-α could enhance the antiproliferation of EGFR-TKI in colon cancer cells \[[@CIT0005]\], renal cell carcinoma \[[@CIT0002]\], and hepatocellular carcinoma \[[@CIT0003]\]. In our study, IFN-α reduced the gefitinib sensitivity of NSCLC cells that contained EGFR-TKI--sensitive mutations.

We also noted that IFN-α alone had a mild antiproliferative effect on the NSCLC cell lines: the rate of cell survival inhibition was less than 50% even at 10^5^ IU/mL IFN-α ([Fig. 1](#F0001){ref-type="fig"}), and the rate of IFN-α-induced apoptosis was very low ([Fig. 3B](#F0003){ref-type="fig"}). As expected, the three cell lines, carrying different *EGFR* and *K-Ras* gene types, responded differently to gefitinib alone: A549 and H1299 cells were less susceptible to gefitinib while the HCC827 cell line was sensitive to its effects ([Fig. 2](#F0002){ref-type="fig"}).

Disappointingly, there was no interaction between gefitinib and IFN-α when they were administered in combination in these cell lines. The CIs values demonstrated that the gefitinib + IFN-α combination effects were additive ([Table 1](#T0001){ref-type="table"}, [Fig. 2](#F0002){ref-type="fig"}). Surprisingly, however, the effect was reduced after IFN-α pretreatment. Notably, the antiproliferation of gefitinib alone was reduced after IFN-α pretreatment in the three cell lines ([Fig. 3](#F0003){ref-type="fig"}). The inhibition to gefitinib was the most significant in the HCC827 cell line.

Previous studies have suggested that IFN-α can upregulate EGFR expression in cancer cells \[[@CIT0014], [@CIT0015]\], and others have postulated that the increases in EGFR expression tend to be accompanied by enhanced activity of EGFR signalling. Nevertheless, based on our observations, EGFR activation was not associated with IFN-α in the H1299 or HCC827 cells ([Fig. 4](#F0004){ref-type="fig"}).

STAT3 is a STAT family member that is involved in oncogenesis and tumour progression \[[@CIT0016]\]; previous studies have shown that STAT3 is activated in lung cancer, and its activation may stem from *EGFR* mutations \[[@CIT0017]\]. Similarly, it was found that STAT3 was activated in the two cell lines ([Fig. 4](#F0004){ref-type="fig"}). However, IFN-α can activate the Janus kinase 1 (JAK1)/STAT pathway \[[@CIT0018]\] and inhibit STAT3 phosphorylation \[[@CIT0019]\]; our research also showed that IFN-α inhibited p-STAT3 in the NSCLC cell lines. It is worth mentioning that prior studies have shown that there is cross-talk between JAK/STAT and EGFR signalling in the regulation of hyperproliferation \[[@CIT0020]\], and that EGFR is an upstream activator of STAT3 that can mediate EGFR signalling \[[@CIT0016], [@CIT0017], [@CIT0021]\]; therefore, EGFR-TKIs may be able to inhibit STAT3 activation.

Interestingly, [Fig. 4](#F0004){ref-type="fig"} shows that gefitinib could inhibit p-STAT3 expression in the H1299 and HCC827 cells in which IFN-α could inhibit gefitinib-induced apoptosis to some extent. Therefore, we hypothesised that EGFR signalling may be dependent on STAT3 activation, in other words, the inhibitory effect of gefitinib may depend on STAT3 activation, and this point of view has been reported \[[@CIT0017]\]. The phosphorylation of STAT3 was inhibited by IFN-α pretreatment; therefore, the EGFR pathway, being somewhat dependent on STAT3 activation, may not have been activated, thereby reducing the gefitinib sensitivity of these cell lines.

Although IFN-α may increase the susceptibility of EGFR-TKI in other tumour cells, but in lung cancer there is no similar action. In contrast, the antiproliferation of EGFR-TKI can be inhibited by IFN-α in lung cancer. Our data suggests that EGFR-TKI should avoid sequential application with IFN-α. In addition, as we know, finding the mechanisms of EGFR-TKI resistance is the current focus, IFN-α inactivates gefitinib in NSCLC, it may provide a new idea to explore and enrich the mechanisms of EGFR-TKI resistance. We hypothesised that the potential cause may be that IFN-α inhibits phosphorylation of STAT3, which might be dependent on EGFR signal activation. However, this hypothesis must be verified with further research.
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